Previous studies have suggested a "catalytic "role in neoplastic angiogenesis and cancer progression for bone marrow-derived endothelial progenitor cells (EPCs). However, preclinical and clinical studies have shown that the quantitative role of marrow-derived EPCs in cancer vascularization is extremely variable. We have found that human and murine white adipose tissue (WAT) is a very rich reservoir of CD45-CD34+ EPCs with endothelial differentiation potential, containing a mean of 263 times more CD45-CD34+ cells/mL than bone marrow. Compared to marrow-derived CD34+ cells mobilized in blood by G-CSF, purified WAT-CD34+ cells expressed similar levels of stemness-related genes, significantly increased levels of angiogenesis-related genes and increased levels of FAPalpha, a crucial suppressor of anti-tumor immunity. In vitro, WAT-CD34+ cells generated mature endothelial cells and capillary tubes as efficiently as mature mesenchymal cells.
Introduction
The "catalytic" and quantitative roles of bone marrow (BM)-derived endothelial progenitor cells (EPCs) in cancer growth have been intensively debated in the last decade (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
Donor-derived endothelial cells have been found, albeit in limited number, in patients who received allogeneic BM transplants (2) . Conflicting data have been obtained regarding the real relevance of BM-EPC-derived vessels in cancer growth in different preclinical models of neoplasia, with some models exhibiting a critical dependence on the presence of BMderived EPCs for cancer vessel growth and tumor development, and other models appearing, instead, to be insensitive to the presence of these cells (reviewed in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
One study has recently described that EPCs are present in tissues other than the BM, in particular in the adipose tissue of mice (13) . Here, we report that human white adipose tissue (WAT) is a very rich reservoir of CD45-CD34+ EPCs. Compared to BM-derived CD34+ cells mobilized in blood by G-CSF, purified human WAT-derived CD34+ cells were found to express similar levels of stemness-related genes and significantly increased levels of angiogenesis-related genes and of FAP-alpha, a crucial suppressor of anti-tumor
Methods

Cell purification
Human WAT samples were obtained from lipotransfer procedures for breast reconstruction in breast cancer patients who signed an informed consent. Stromal-vascular cell fractions were obtained using a standard protocol (with few modifications), as previously described (15) (16) (17) . In brief, samples were centrifuged at 1200g for 10 minutes to remove erythrocytes and leukocytes and subsequently digested in HBSS (Gibco, Paisley, UK) containing 2mg/ml collagenase type I (Sigma Aldrich, St. Louis, MO) and 3,5% bovine serum albumin (BSA, Sigma Aldrich) at 37°C in constant shaking for 60 min. The digestion was blocked with RPMI1640 supplemented by 20% FBS (Euroclone, Milan, Italy) and a cell pellet was obtained by centrifugation at 200g for 10 minutes at 4°C. The cell suspension was then filtered through a 100 µm mesh filter to remove non-digested tissue and washed twice with incubation buffer (PBS with 2mM EDTA and 0,5% BSA), working always on ice. An aliquot of these cells was labelled for flow cytometry analysis.
Overall, 113 human WAT samples were studied in vitro and 38 of these were used to provide CD34+ cells that were used in 124 different individual mice studies.
After informed consent was obtained, CD34+ cells were purified from WAT samples and blood apheresis products of healthy donors undergoing stem cell collection after G-CSF
Flow cytometry
CD45-CD34+ progenitor cells were evaluated by six-colour flow cytometry following an approach recently validated for the quantification of circulating EPCs and perivascular progenitors (18) (19) . The nuclear staining Syto16 was used to discriminate between DNA containing cells, platelets and cell debris. 7AAD was used to determine the viability status of the cells.
We used the following anti-human antibodies: anti-CD45-APC-Cy7 (clone 2D1), -CD34- For murine studies, anti-CD45-APC-Cy7 (clone 30-F11) and -CD117-PE (clone ack45), were from BD. Anti-CD13-PE (clone WM15), -Sca-1 APC (clone D7), -CD34-PC-7 (clone RAM34), and -CD150-PE (clone BD1) were from Ebioscience (San Diego, CA)
The absolute count of CD45-CD34+ cells was obtained using reference beads in Trucount tubes (BD). In murine studies, the panel of monoclonal antibodies used included Syto16, 7-AAD, anti-CD34, CD45, CD13, CD117, CD150, Sca-1, Lin. Again, the absolute cell count was obtained using reference beads in Trucount tubes.
RT-PCR and expression analysis
In magnetically labelled CD34+ cells, RNA isolation was performed using QIAmp RNA blood mini kit (Qiagen, Valencia CA) and cDNA was generated from 40ng of RNA using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA); quantitative PCR was performed with an ABI Prism 700 platform as previously described (20) using primers and probes from the TaqMan® Gene Expression Assay.
For microarray analysis, synthesis of labelled targets, array hybridization (Affymetrix GeneChip Gene ST 1.0 Human array; Affymetrix, Santa Clara, CA), staining and scanning were performed according to Affymetrix standard protocols, starting from 500ng of total RNA. Duplicate microarrays were hybridized with each cRNA sample. The MAS5 algorithm was used to determine the expression levels of mRNAs; the absolute analysis was performed using default parameters and scaling factor 500. Report files were extracted for each microarray chip, and performance of labelled target was evaluated on Endothelial cells (EC) and capillary tubes were obtained in Matrigel from cultures of purified human WAT-CD34+ cells as previously described (9, 22) . In brief, cells were plated in complete EGM-2 medium (Lonza, Visp, Switzerland) in 12-or 24-well plates precoated with rat tail collagen I. Plates were placed in a 37°C, 5% CO 2 humidified incubator.
The seeding density ranged from 50x10 3 to 500x10 3 cells. The presence of EC and colonies was assessed using an inverted microscope. After 3-7 days of culture, endothelial cell colonies were identified morphologically, and subsequently picked out using cloning rings. Fibroblast contamination was avoided by depleting them from cell suspensions with the anti-fibroblast microbeads kit (Miltenyi). Endothelial cell surface antigen expression was assessed by flow cytometry and immunofluorescence staining of VE-Cadherin as previously described (20) (21) (22) .
Capillary-like structures were obtained in culture using a commercial kit (Chemicon, Temecula, CA) as previously described (22) . Briefly, matrix solution was thawed on ice, seeded on 24-well plates and incubated at 37°C to solidify. EC were harvested, resuspended in complete media, seeded at a final concentration of 5x 10 4 cells per cell onto the polymerized EC Matrix and incubated at 37°C in a tissue incubator. After 17 hours tube formation was inspected under an inverted light microscope at 20x magnification.
Spheres were obtained in cultures as previously described (23) . In brief, cells were plated onto ultraslow attachment plates (BD-Falcon) at a density of 40,000 viable cell/ml in a serum-free mammary epithelial basal medium (MEBM, Lonza), supplemented with 5 mg/ml insulin, 0.5 mg/ml hydrocortisone, B27 (Invitrogen), 20 ng/ml EGF and bFGF (BD Biosciences), and 4 mg/ml heparin (Sigma Aldrich) and maintained in a 5% CO 2humidified incubator at 37°C. Six to eight days later, sphere formation was analyzed under an inverted light microscope.
Orthotopic xenograft in vivo studies
Female NOD/SCID IL2R gamma null (NSG) mice (24) (25) Tumor growth was monitored weekly using digital callipers, and tumor volume was calculated using the formula: L × W 2 / 2 = mm 3 .
Bilateral studies
NSG mice were divided into two groups, a control group in which 1 x 10 6 MDA-MB-436 or HCC1937 cells were injected into the right fourth mammary fat pad (through the fourth nipple) and an experimental group in which 1 x 10 6 MDA-MB-436 or HCC1937 cells were co-injected with 2 x 10 5 human CD34+ WAT cells into the right fourth mammary fat pad. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on November 3, 2011; DOI: 10.1158/0008-5472. CAN-11-1739 Monolateral studies 1 x 10 6 MDA-MB-436 or HCC1937 cells were injected into the right fourth mammary fat pad and 1 x 10 6 MDA-MB-436 or HCC1937 cells were co-injected with 2 x 10 5 human CD34+ WAT cells into the left fourth mammary fat pad of the same NSG mouse.
In both set of studies, tumors were measured at least once a week using digital calipers. In the second model of breast cancer metastases, 1 x 10 6 MDA-MB-436 cells were injected into the right fourth mammary fat pad (through the fourth nipple) of NSG mice to produce orthotopic primary tumors. When the tumor size was 200-250 mm 3 , i.e., about 45 days after tumor implant, tumor resection (mastectomy) was performed. The tumor mass was gently removed and the incision closed with wound clips. Three days after mastectomy, mice were divided into an experimental group in which 2 x 10 5 human CD34+ WAT cells were injected into the right third mammary fat pad (through the third nipple), a group in which 2 x 10 5 human CD34-WAT cells were injected into the right third mammary fat pad and a control group without WAT cell injection (n=6 per study group). Two months after cells injection, mice were sacrificed and right axillary lymph node and lung tissue were removed. To confirm the presence of metastases, sections were cut and stained with H&E. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on November 3, 2011; DOI: 10.1158/0008-5472. CAN-11-1739 For high fat diet (HFD) studies, mice were bred and fed as previously described (26) .
Confocal microscopy
Images were acquired using a Leica TCS SP5 confocal microscope and sequential Zstacks were performed using a 63X 1.4NA oil immersion objective, zoom 3X, 0.3µm Z step. For the imaging of the red cells the 561 laser line was used and the autofluorescence of the cells was collected.
Statistical analysis
The Shapiro-Wilk test was used to test for normality. Considering that the very large majority of data were not normally distributed, statistical comparisons were performed using the non-parametric U test of Mann-Whitney. All reported p-values were two sided. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Results
Human and murine WATs are very rich reservoirs of CD45-CD34+ EPCs.
By means of flow cytometry, we counted the numbers of EPCs and other subsets of progenitors in the BM and in the WAT of humans and mice. Human WAT tissue was obtained from lipotransfer/lipofilling procedures for breast reconstruction in breast cancer patients at the European Institute of Oncology in Milan, Italy. Most of these procedures involved WAT collection from the abdomen. Human BM was obtained from disease-free patients undergoing a follow-up involving BM investigation for haematological or solid neoplasia. The flow cytometry evaluation included a DNA staining procedure to exclude contamination with platelets and/or micro-and macro-particles, as previously described (18) (19) .
In humans, WAT was found to contain a large amount of CD45-CD34+ cells that fulfill the most recent criteria for EPC identification (9) (10) (11) (12) . These CD45-CD34+ cells included two subpopulations: CD34++ CD13+ CD140b+ CD44+ CD90++ cells and CD34+ CD31+CD105+ cells ( Fig.1A-M ). The immunomagnetic purification procedure used in the study led to a cell population which included 79-96% of CD45-CD34++ CD13+ CD140b+ CD44+ CD90++ cells, and 2-18% of CD45-CD34+ CD31+CD105+ cells. CD34-cells always made up less than 5% of the purified cell population ( Fig.1N and supplementary Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. mass index and total CD34+ cells (r=0.608, p<0.001), and between WAT donor age and total CD34+ cells (r=0.387, p=0.035).
In mice, EPCs were defined as CD45-CD34+CD13+Sca-1+ cells, whereas hematopoietic progenitors were defined as Lin-Sca-1+CD150+ cells. Similarly to humans, mice WAT was also richer in EPC than BM, with WAT having 179-fold more EPCs/mL than BM.
We also found CD45+CD34+ hematopoietic progenitor cells in human WAT (median 6,141/mL, range <1-161,338). On average, human WAT contained 87 times less CD45+CD34+ hematopoietic progenitor cells/mL than BM. The presence of human hematopoietic progenitors in WAT was confirmed by culture studies, where a mean of 1.4±0.2 CFU-GM and 3.4±1.8 BFU-E/10 5 seeded cells were obtained from WAT tissue. WAT-derived CD34+ cells expressed higher levels of FAP-alpha, a crucial suppressor of anti-tumor immunity (14) , and of genes of the brain/adipocyte-BDNF/leptin axis that has recently been suggested to play a relevant role in cancer progression (27) .
WAT-CD34+ cells express stemness-related genes and very high levels of angiogenesis-
WAT-CD34+ cells generate mature endothelial cells and capillary tubes
When cultured in vitro in appropriate endothelial-differentiation media, human WATderived CD34+ cells generated mature endothelial cells (depicted by the expression of the endothelial-restricted VE-cadherin antigen, Fig. 3A -C). Endothelial capillary tubes were also generated using the appropriate culture procedure in Matrigel ( Fig.3D -E). Purified WAT CD34+ cells, but not WAT CD34-cells, generated spheres (13, 23) in appropriate culture conditions ( Fig. 3F-G) . We obtained a mean of 1,200 cells/sphere in cultures generated from 40,000 purified WAT CD34+ cells. By flow cytometry, these spheres were found to be made of CD45-CD13+CD34+ (16% of cells in spheres) CD44+CD90+ cells ( Supplementary Fig. 2 ).
The co-injection of human WAT-CD34+ cells from lipotransfer procedures significantly increases tumor growth and metastases in breast cancer models
The role of purified CD34+ cells from human WAT was investigated in different models of human breast cancer (Fig. 4-6 and Supplementary Fig. 3-5 increased tumor growth. The co-injection of breast cancer cells and purified CD34+ WAT cells increased tumor growth to a similar extent, suggesting that the large majority of the tumor promoting activity in human WAT cells resides in the CD34+ WAT cell fraction (Fig.   4B ). The co-injection of CD34-WAT cells was less effective than the co-injection of CD34+ WAT cells in promoting tumor growth ( Fig. 4B) . Similar results were obtained in NSG mice injected with NCC1937 breast cancer cells alone, or in combination with human CD34+ WAT cells (Fig. 4C) . Histology studies ruled out the possibility that the larger size of tumors in animals co-injected with CD34+ WAT cells was due to the generation of adipocytes ( Supplementary Fig. 5 ).
We performed two separate studies to examine the in vivo involvement of CD34+ WAT cells in promoting tumor growth. In bi-lateral studies, human CD34+ WAT cells were coinjected with breast cancer cells in one of the two lateral mammary fat pads (with the contralateral mammary fat pad injected with breast cancer cells alone, as control). In mono-lateral studies, human CD34+ WAT cells were co-injected with breast cancer cells in a single mammary fat pad of a series of animals (with another series of mice being injected with breast cancer cells alone in the corresponding mammary fat pads, as control). Tumor growth was slightly (albeit not significantly) higher in bi-lateral studies compared to mono-lateral studies (Fig. 4D) . These data suggest that human WAT CD34+ cells exert most (if not all) of their tumor promoting activity locally and not via soluble factors that are released in circulation, which would also have promoted the growth of tumors in the opposite mammary fat pad that was not co-injected with human WAT CD34+ cells.
In our model of breast cancer where MDA-MB-436 cells were injected in the mammary fat pad, lung metastases were observed around day 70 ( Fig. 4E-F, and supplementary Fig. 3-4 ). The number of lung metastases was significantly increased in mice co-injected with breast cancer and CD34+ WAT cells compared to mice injected with breast cancer cells alone or mice injected with breast cancer cells and CD34-WAT cells (Fig. 4G ).
In another model of breast cancer metastasis, MDA-MB-436 breast cancer cells were injected into the mammary fat pad of NSG mice to produce orthotopic primary tumors.
When the tumor size was 200-250 mm 3 , i.e., about 45 days after tumor implant, the tumor was surgically removed. Mice were then divided into an experimental group in which CD34+ WAT cells were injected, an experimental group in which CD34-WAT cells were injected, and a control group without WAT cell injection. Two months after cell injection, mice injected with CD34+WAT cells had significantly more axillary and lung metastases, compared to mice injected with CD34-cells and to controls (Fig. 4H ).
Immunohistochemistry and confocal/z-stack microscopy studies demonstrated the presence of human CD31+, CD34+, CD105 endothelial vessels and perivascular cells in the mammary fat pad of mice co-injected with breast cancer cells and CD34+ human WAT cells ( Fig.5 ). Panels 5c to 5h show representative images illustrating the incorporation of human cells generated from WAT-derived CD34+ cells lining cancer blood vessels, some of which contain red blood cells (panels G and H). Confocal microscopy ( Fig. 6 and supplementary movie 1 made from 42 consecutive slices) confirmed the presence of a lumen and of circulating red blood cells in human CD34+ and CD31+ vessels in mice injected with human CD34+ WAT cells. We were never able to observe this effect in our previous studies using BM-derived cells, thus these results demonstrate an important bona fide functional difference between WAT-and BM-derived progenitors.
WAT-CD34+ and hematopoietic progenitor cell kinetics in mice receiving high fat diet
Considering the known correlation between obesity and breast cancer, we compared the number of EPCs in the mammary and ovarian WAT tissue of mice receiving a high fat diet on April 15, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on November 3, 2011; DOI: 10.1158/0008-5472. CAN-11-1739 (HFD, n=12) to that in control mice fed on a control diet. Both EPCs and hematopoietic progenitor cells were significantly increased in the WAT of mice receiving a HFD ( Fig.7A-C ). Hematopoietic progenitors, but not EPCs, were significantly decreased in the femurs of mice receiving HFD (Fig. 7D ).
Discussion
The role of BM-derived EPCs in cancer growth has been intensively debated in the last decade (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Our present work offers new insight into the controversy over the quantitative and the "catalytic" role of EPCs in cancer growth. All previous studies investigating this topic enumerated the role of EPCs in mice carrying GFP+ (or otherwise genetically labelled) BM. This approach excluded the quantification of the role of WATderived EPCs, that in our work were found to be in numbers significantly higher than in the BM.
Considering that our in vitro and in vivo studies were performed using a cell population containing 79-96% of CD45-CD34++ CD13+ CD140b+ CD44+ CD90++ cells, and that CD144 was expressed by a subpopulation of these cells (Fig. 1G) , it is likely that most of the endothelial differentiation potential and of the pro-tumorigenic and pro-metastatic potential might reside in this cell population. The lack of bright CD31 expression of this cells population (see Fig. 1 ) suggests that these cells are not mature endothelial cells. Moreover, as reported by Zimmerlin et al. (28) , mature endothelial cells in WAT do not seem to express CD34. Along a similar line, the work of Yoder, Ingram and Case has repeatedly indicated that the putative EPC phenotype is CD45-CD34+, and that VEGFR2 expression in immature EPCs is highly controversial, given the present lack of validated reagents (29) (30) (31) (32) Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on November 3, 2011; DOI: 10.1158/0008-5472. CAN-11-1739 Considering the presence of a minute subpopulation of CD144+ cells within the population of CD45-CD34+ cells, more work is currently needed to understand which population (the CD144+ or CD144-) has endothelial differentiation, pro-tumorigenic and pro-metastatic potential. It also remains to be discovered whether the functional vessels expressing human antigens in mice injected with CD34+ WAT cells are entirely derived from WATderived CD34+ cells or whether a fraction of WAT-derived CD34+ cells differentiated and incorporated into the murine tumor vessels.
The present array studies indicate that WAT-derived CD34+ cells express significantly higher levels of angiogenesis-related genes compared to BM-derived, mobilized CD34+ cells. More work with mice with GFP+ WAT is currently ongoing to elucidate the precise role of WAT-EPCs in the tumor promotion and metastatic process.
Controversies have been also reported regarding the role of WAT-derived mesenchymal progenitors (MPs) in cancer growth, with some authors reporting that MPs promote tumor growth and some other reporting that MPs suppress tumor growth (reviewed in 33). Most of these studies, however, were performed in mice injected with crude suspensions of MPs obtained from cell culture. To our knowledge, our study is one of the first reporting the tumor promoting activity of fresh human WAT-derived purified CD34+ cells. As shown by our data in mice receiving breast cancer and WAT cells in one of the two mammary fat pads and breast cancer cells alone in the other mammary fat pad, the cancer promoting activity of WAT CD34+ cells is likely to be exerted through a local, rather that systemic, activity. These data complement the recent observation from the Kolonin laboratory (34) that, in mouse models, WAT cells are mobilized and recruited by experimental tumors to promote cancer progression.
In the present study, HFD was associated in mice with a significant increase in WAT-CD34+ cell numbers. HFD might also interfere with the characteristics of WAT CD34+ cells. This, in turn, may be one of the explanations for the higher incidence of breast cancer in postmenopausal obese individuals (35) (36) . So far, most studies on the role of obesity in cancer growth have focused on soluble factors, whereas our data underline the role of cellular players. In addition to EPCs, HFD increased also WAT hematopoietic progenitors. This, in turn, might increase the mobilization of hematopoietic pro-angiogenic cells already described by other studies (37) .
A novel brain/adipocyte-BDNF/leptin axis has been recently proposed to play a potentially relevant role in cancer progression (27) . Although more studies are clearly needed to reach robust conclusions, WAT-derived CD34+ progenitors seem to express high levels of the receptors involved in this axis. Along a similar line, WAT-CD34+ cells express very high levels of FAP-alpha, a crucial suppressor of anti-tumor immunity (14) .
Our data suggest that caution is warranted in the clinical use of lipotransfer-derived WAT cells for breast reconstruction in patients with breast cancer (15) (16) . We have recently reported a study of 321 consecutive patients operated for primary breast cancer between 1997 and 2008, who subsequently underwent a lipotransfer procedure for esthetic purposes, compared with two matched patients with similar characteristics who did not undergo lipotransfer (38) . In this study, to be confirmed by prospective trials enrolling a larger series of patients, the lipotransfer group exhibited a higher risk of local events (4 events) compared to the control group (no event) when the analysis was limited to intraepithelial neoplasia.
The dissection of the different roles of purified populations of WAT-derived progenitors and mature cells will be of help to clarify which WAT cell populations can be used safely for breast reconstruction and which are associated with a risk linked to their capacity to support the growth of otherwise quiescent cancer cells still resident after surgery. In this context, the recent observation that zoledronic acid inhibits the interaction between mesenchymal stem cells and breast cancer cells (39) indicates a possible pharmaceutical on April 15, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. strategy, which can be assessed in preclinical models and clinical studies, to reduce any "cancer-promoting" risk of WAT EPCs. 
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